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1. Introduction
The physics of nano-plasmas is presently a research field of increasing interest. Collective
excitations of electrons in such plasmas are strongly coupled to external fields and
influence the energy deposition. With the increasing exploration of microstructures in
recent technology developments, the understanding as well as the design of physical
properties of nano-plasmas are of high interest. For example, investigations of near-
field radiative heat transfer mediated by surface plasmon polaritons have recently been
performed, for a review see [1]. Femtosecond laser techniques allow to study electron
oscillations in ionized solid and gas clusters using the pump-probe method [2–4].
As a special case, we consider metallic clusters such as sodium of various sizes,
characterized by the number N of atoms. At solid state density, the atoms are singly
ionized. For an electrically neutral cluster, the ion number Ni = N coincides with
the number Ne of free electrons. We assume that the ion density ni in the clusters of
different sizes remains constant so that the volume Vi = niNi of the respective cluster
is proportional to the ion number Ni. Then, in the thermodynamic limit Ni → ∞ the
density ni takes the bulk value.
In such clusters, a nonideal, strongly coupled nano-plasma is created by a laser
pulse of moderate intensity I = 1012 − 1014 W/cm2, see [5]. There is a large number of
publications related to the experimental and theoretical investigation of the production
and detection of excited clusters (see [6, 7]), which we will not review here. Our
main interest is the excitation of electrons in a quasi equilibrium nonideal nano-plasma
generated in a metal cluster after irradiation by an intense femtosecond laser pulse, and
the dynamical response of the nano-plasma.
The dynamical response of infinite, homogeneous nonideal plasmas is well known.
The dynamical structure factor describes the correlation of density fluctuations in
space and time. In particular, collective excitations such as plasmon resonances
have been investigated theoretically within different approaches and are observed, e.g.,
within Thomson scattering experiments [8, 9]. According to the fluctuation-dissipation
theorem, the absorption coefficient of radiation is related to auto-correlation functions
in thermodynamic equilibrium. Analytical approaches, such as the Green function
method, have been worked out to evaluate these quantities in the classical as well as in
the quantum case, see, e.g. [10]. Alternatively, molecular dynamics (MD) simulations
can describe classical plasmas at arbitrary coupling strength [11–15] where quantum
properties of electrons are approximately accounted for by using specific electron-
electron and electron-ion pseudopotentials, such as the Deutsch potential [16], the
error-function (Erf) like potential [17] or the so called corrected Kelbg potential [18].
Performing MD simulations, not only the equilibrium distributions in the phase space are
obtained, but also fluctuations and their time dependence follow from the microscopic
description.
For nano-plasmas, computer simulations are of even greater importance. Due to
a relatively small number of particles the dynamical processes can be studied directly
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by atomistic simulations. Provided that the plasma temperature is high enough (few
eV or more), the electron dynamics is governed mostly by the classical Coulomb forces.
The method of classical MD simulations becomes one of the best choices in view of its
simplicity and relatively high performance. It allows to account for particle collisions and
goes beyond the simple equations for nano-plasma parameters [19]. It is of importance
for ionized metal clusters with the electron temperature of few eV where nonideality
effects are relevant.
Simulation methods with a more systematic treatment of quantum properties
include wave packet molecular dynamics (WPMD) [20,21] or path-integral Monte Carlo
(PIMC) [22,23]. However, both methods have known problems that prevent their direct
application to simulations of bulk nonideal plasmas. For instance, the PIMC method
suffers from the sign problem and high numerical efforts whereas the WPMD method
has a problem with mapping quantum properties of electrons to classical quantities
such as broadening of a free electron wave packet [24]. Here we present results of MD
simulations where different electron-ion pseudopotentials have been used to implement
quantum effects. The respective results are compared.
In the present paper we consider the dynamics of electrons after the formation of
the nano-plasma, in particular the emission of electrons from the excited cluster (cluster
charging), the relaxation of temperature, and the collective excitations of the electron
subsystem. The number of atoms N is taken from 55 to 2 · 104 which allows to consider
size effects. As an example laser excited metal (sodium) clusters are considered. The
properties to be discussed here are: i) the minimum charge of the cluster in a stationary
state, ii) the electron temperature change due to the cluster ionization, and iii) the
resonance frequencies of collective electronic excitations in the cluster.
The so called restricted molecular dynamics (RMD) has been proposed in Refs. [25–
31] where the ion motion is neglected due to the large ion-electron mass ratio. When
studying metal clusters the ionic subsystem can be treated either as a homogeneously
charged full sphere [30, 31] which is called “jellium model” or as a crystal structure
of point-like ions shaped by a sphere [25–29]. In the second case, the ions are
randomly displaced from their lattice sites to eliminate symmetry effects and averaging
is performed over different ion distributions. Obviously, the RMD approach is a model
assumption to work out the dynamics of the electron subsystem. In real situations, the
ion configuration is changing and the excited cluster may expand, so that the electron
dynamics is coupled to the motion of the ions.
In Refs. [25–31], the RMD method was used to study the properties of surface
and volume plasmons in particular its dependence on the cluster size, plasma density,
the ion ordering parameter and the specific type of the interaction potential. The
dynamical properties of electrons and their response to external fields were described
by correlation functions. Relaxation of the total cluster charge and temperature were
considered. The standard MD simulation method has been used with direct all-to-all
particle interactions.
Alternatively, the dynamical properties of the cluster nano-plasma can be computed
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using the MiCPIC method [32] which extends applicability of the classical MD to very
large clusters (more than a million of atoms), or fluid dynamics [30, 33]. With the help
of contemporary computing facilities these methods allow to treat clusters with large
numbers N and to obtain results for the relaxation processes and collective excitations
of nano-plasmas for a wider range of the cluster size.
This paper is organized as follows. In Sec. 2 we review the computational method
and plasma parameters. Then in Sec. 3 we discuss computational results and a simple
theoretical model for the cluster charging. Finally in Sec. 4 we consider electron
excitations and the transition from cluster to bulk plasmas. The conclusions are drawn
in Sec. 5.
2. Simulation method
For simplicity we consider a singly ionized hydrogen-like nano-plasma where the number
of ions Ni is equal to the number of atoms N . The process of initial ionization of atoms or
excitation of the electron subsystem by laser irradiation is beyond the scope of this work.
According to the RMD scheme, instead of calculating the cluster expansion we consider
the electron dynamics in the field of a fixed ion configuration. The cluster expansion
following a rapid ionization has been studied before in several papers, particularly in
[26] using the same MD approach. Under the condition of moderate excitation (the
temperature of few eV) considered here, the typical time of doubling the cluster size
is hundreds of femtoseconds while the equilibration time for the electron subsystem is
less than 10 fs. Therefore, the nano-plasma state can be assumed as near equilibrium
and characterized by the electron temperature T and the ion number density ni. A
more sophisticated approach should improve this adiabatic approximation taking the
ion motion into account.
In other words, we consider a kind of snapshot of the cluster nano-plasma at a
certain moment of expansion. As far as we put aside the ion dynamics we can calculate
equilibrium MD trajectories for much longer than 100 fs and use time averaging instead
of the ensemble averaging according to the ergodic theorem.
We consider both the jellium model as well as a configuration of point-like ions
at position {rioni }. In the first case, a constant background ion density ni is assumed
without any fluctuations, while in the case of point-like ions, ni denotes an average
density. Along with T , V , Ni, the number of electrons Ne is an additional, independent
quantity to characterize the nano-plasma. The difference Z = Ni − Ne determines the
total cluster charge number.
There are different particle interaction models that account for quantum properties
of electrons. In the case of point-like ions we follow Refs. [17, 25–28, 34] where the
electron-ion interaction potential is given by
UErf(r) = − e
2
4pi0 r
Erf
( r
λ
)
, (1)
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with a parameter λ described below. This model corresponds to the Gaussian shape of
an electron wave function which is used also in WPMD simulations.
Within the jellium model, the ions are replaced by the effective potential [30]
UJellium(r) =
{
e2ni
0
(
r2
6
− R2i
2
)
, for r < Ri,
− e2 Ni
4pi0 r
, else where,
(2)
where Ri = (3Ni/(4pi ni))
1/3 is the cluster radius. Here the pure Coulomb interaction
between electrons and ions is assumed.
For the electron-electron interaction we consider different models such as the pure
Coulomb repulsion
UCoul(r) =
e2
4pi0 r
. (3)
and the repulsive Erf-like potential −UErf(r) from (1). The value of the parameter λei
in (1) for the electron-ion interaction is taken to be 0.318 nm which provides the correct
ionization energy for a sodium atom, IP = U
erf
ei (r → 0) = e2/(2pi3/2λei0) = −5.1 eV.
Following [25–28], for the electron-electron interaction the same value of λee = λei is
used.
In some works a potential similar to (1) is used where the λ parameter denotes
the de Broglie wavelength Λ (see, e.g. [17]). For the plasma parameters used here
(T = 2.2 eV and ne = 2.7 × 1022 cm−3) we obtain Λ = 0.62 nm while the average
distance between the electrons is ree ≈ 0.24 nm. Thus the plasma degeneracy parameter
Θ = kBT/F = 2mekBTe(3pi
2ne)
−2/3~−2 = 0.67 is less than unity. It formally conflicts
with the classical MD approach but our bulk plasma simulations show that the MD
simulations with the given pseudopotential are still valid up to the values of Θ ≈ 0.4
(see [35]).
For the initial positions of ions {rioni }, we use either a random distribution within
the sphere Ri or a regular mesh. In any case, the initial interparticle distance is assured
to be not less than rmin = (3/(2pini))
1/3. The electrons are initially placed on top of ions
or distributed randomly. The procedure of equilibration of the electron gas is considered
in the next section.
The leap-frog integration scheme has been used for solving the equations of motion
for electrons with a typical time step of 10−18 s or less. Using this time step ensures
the total energy conservation with an accuracy of 1% for 5 · 107 MD steps. The total
MD trajectory length ranges from 9.0 ps to 0.5 ns depending on the cluster size. The
simulation results are averaged over 4−6 statistically independent MD trajectories with
different initial positions of ions (in the case of a random ion distribution). The GPU
accelerated code is used to speed up simulations and increase the averaging accuracy.
3. Charge and Temperature Relaxation
The RMD simulations allow to study the dynamics of the electrons under “external”
conditions specified by the cluster size Ri, the ion density ni and the temperature T
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of the electron subsystem. The specific electron temperature can be obtained by using
the Langevin thermostat during the first stage of the simulations. If the motion of the
electrons is not restricted, sufficient energy to escape from the cluster can be allocated to
the electrons (emitting process). After the emission of an electron, the cluster increases
its total charge Ze by the value of e which results in an increased cluster Coulomb
potential.
The increase of the cluster potential reduces the probability of further electron
emission. From the theoretical point of view, the emission of electrons stops when
the kinetic energy of all the electrons becomes smaller than the cluster potential. In
practice, the equilibration process can be stopped when the cluster charge is stable
for a sufficiently long time (nanosecond and more). When this state is reached the
thermostat can be switched off. Then, the electron dynamics is analyzed for quasi-
equilibrium conditions. Using this method in Refs. [25–28] the time evolution of the
electron subsystem has been computed in dependence on the above mentioned parameter
values Ri, ni, and T .
This approach, however, is not applicable for studying the cluster charging itself
because the thermostat affects the relaxation process by depositing some extra energy
which compensates the energy loss due to electron emission. As the energy deposition is
hard to control, the final cluster charge and the relaxation time turn out to be dependent
on the thermostatting process.
The cluster charging itself can be studied using an alternative technique proposed
in Refs. [30, 31]. Here, the electrons are constrained within the sphere Ri by a special
wall potential during the equilibration. In this case the electrons rather quickly gain an
equilibrium state with a given temperature T0 while all of them stay inside the cluster,
Ne(t < t0) = Ni. At t0, the thermostat is switched off, and the constraining wall is
removed. The subsequent relaxation of the electron subsystem is analyzed.
In the present section, we discuss the simulation of the resulting relaxation processes
for T > t0 owing to this latter approach. Because electrons escape when the confining
wall is removed, the cluster charge number Z increases. As shown in Ref. [30], the
emission rate is slowing down, and if the charge state of the cluster Z(t) remains
constant for a time interval larger than 1 ns, we consider this as a stationary (quasi
equilibrium) state with a charge number Zfin. Further emission of electrons is possible
but is considered as rare process compared with the time scale of the electron subsystem
dynamics governed by the plasma frequency ωpl =
√
e2ne/(0me). For the sodium bulk
value ne = ni = 2.7× 1022 cm−3 we have ωpl = 9.26 fs−1.
We consider cluster nano-plasmas with the ion density ni = 2.7×1022cm−3. Figs. 1
and 2 present the final charge Zfin and the final temperature Tfin obtained in a quasi
equilibrium state for different cluster models (jellium and point-like ions) and different
types of electron-electron interaction potentials. Two values of the initial temperature
T0 = 2.2 eV and T0 = 3.0 eV are used which correspond to the values of coupling
parameter Γ = e2/(4pi0kBT )(4pine/3)
1/3 of 3.17 and 2.32, respectively (at the beginning
the electron number density is ne = ni).
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As seen from Fig. 1 the final charge of the cluster Zfin is strongly dependent on the
initial temperature T0 and the cluster size Ri. However, all the results can be fitted by
a simple relation (see [30])
Zfin = c1Ri kBTfin (4)
with the parameter value of c1 = (0.55± 0.06) (aB eV)−1, where aB is the Bohr radius.
This value is in good agreement with the result of [28], while it is slightly lower than
c′1 = 0.65 (aB eV)
−1 as found in Ref. [30].
In the bulk limit Ni → ∞, the cluster charge is increasing, Zfin ∝ N1/3i . As a
surface effect, we have, however, limNi→∞ Zfin/Ni = 0 for any fixed ni and Tfin.
As demonstrated in Fig. 1, the different models with respect to the interaction or
the ion configuration have no significant influence on the relation (4) which underlines
that it is determined mainly by the average field of the screened cluster potential in
which the electrons are moving. The short-range behavior of the interaction is also
not of significance. The minimum charging Zfin can take large values and would be of
interest for nano-structure plasmas. A more detailed discussion of the general form of
relation (4) is found in Ref. [30].
0 50 100 150
RiT-n; aBeV
0
20
40
60
80
100 Z-n
Coul, T0 = 2.2eV
Erf, T0=2.2eV
Erf, T0=3.0eV
Jellium T0 = 2.2 eV
Jellium, Ref. [30]
Zeff = 0:55RiT-n
Figure 1. The final cluster charge Zfin in dependence on the product of the cluster
radius Ri and the final electron temperature Tfin. Symbols represent MD results with
different interaction potentials and initial temperatures T0. Previous results (♦) are
taken from Ref. [30]. Dashed line represents the linear fit according to Eq. (4).
Another interesting signature of the cluster charging after the deconfinement at t0
is the change of temperature because the emitted electrons extract kinetic energy from
the excited cluster so that the final temperature of the cluster is lower than the initial
temperature T0 = T (t0), i.e. Tfin < T0. The dependence of the final temperature on the
cluster size, see in Fig. 2, shows that the relative energy loss decreases with increasing
cluster radius Ri. It can be described analytically using the following considerations.
We assume that the number of evaporated electrons Z is small compared to the
number of electrons in the nano-plasma Ne but it is greater than one, i.e. 1 Z  Ne.
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Ri; aB1.6
1.8
2
2.2
2.4
2.6
2.8
3
T-n; eV
T0 = 2:2 eV
T0 = 3:0 eV
Figure 2. Final temperature Tfin of electrons confined in the cluster as function of
the cluster size Ri. Symbols represent MD results with the error function potential (1)
and different initial temperatures T0. Curves represent the solution of Eq. (8).
It means that the potential barrier caused by the cluster charge Ze that prevents the
remaining electrons from escape is given by the potential at the cluster surface,
Ub =
Ze2
4pi0Ri
. (5)
The value of this potential should be larger than the electron thermal energy, e.g.
Ub  kBT , to consider the evaporation as a slow process. A further condition follows
from Eq. (4) and reads as c1RikBT << Ne which restricts applicability of this model to
rather low temperatures.
Within these assumptions we can estimate the average energy taken away by a single
emitted electron as Ub. Therefore the change of the total kinetic energy of electrons in
the nano-plasma can be written as
d
dt
(
3
2
NekBT
)
= −dZ
dt
Ub, (6)
where T is an instantaneous temperature. The previous simulation results [25,26] show
that the typical time between electron emissions is much greater than the time for the
local equilibrium build up in the electron subsystem.
Assuming that the change of Ne is small with respect to the change of Z, the
temperature Tfin at a time tfin can be obtained via integration
kB(Tfin − T0) = kB
Tfin∫
T0
dT = − 2
3Ne
Zfin∫
0
Ze2
4pi0Ri
dZ = − Z
2
fine
2
12pi0RiNe
, (7)
where Zfin = Z(tfin) is the final number of emitted electrons. If we use the empirical
relation (4) between Zfin and Tfin, and substitute Ne =
4
3
piR3i ne, then the final
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temperature can be expressed as
Tfin = T0 − e
2c21
16pi20ne
kBT
2
fin
R2i
= T0 − c2kB
(
Tfin
Ri
)2
, (8)
where the parameter c2 = e
2c21/(16pi
20ne) is introduced for convenience. For the nano-
plasma considered above it is equal to c2 = (165±35) a2B/eV. For large clusters, i.e. large
values of Ri, the temperature remains nearly unchanged during the emission process of
hot electrons. As seen from Fig. 2, the theoretical curves obtained from the solution of
the quadratic equation (8) are in a good agreement with the MD results.
4. Collective excitations
4.1. Total current autocorrelation function
The properties of nano-plasmas are quite different compared to the homogeneous case
owing to the long range character of the Coulomb interaction. Surface effects become
important. However, if the finite system becomes sufficiently large, the bulk properties
should dominate, and the asymptotic limit of the homogeneous case is expected for
Ni →∞.
Similar to the homogeneous plasma case [12,14,15], we study collective excitations
of electrons by analyzing the total current-current correlation function (current ACF).
With the local current micro-density
j(r, t) =
∑
c=e,i
Nc∑
α
ecvc,α(t) δ(rc,α(t)− r) (9)
we obtain the k-dependent current micro-density (Ω0 denotes the normalization volume)
jk(t) =
1
Ω0
∫
d3r j(r, t) eik·r. (10)
In particular, jk=0(t) is the total current density. A related quantity is the charge
micro-density
%(r, t) =
∑
c=e,i
Nc∑
α
ecδ(rc,α(t)− r), (11)
where also a k-dependent charge micro-density is introduced by Fourier transformation.
The macroscopic density is obtained by averaging the micro-densities over the
equilibrium ensemble as denoted by 〈. . .〉.
The current density (in r or k space) is a vector field which can be decomposed
in a longitudinal (L) and a transverse (T ) component. The longitudinal component is
related to the charge density via the equation of continuity,
∂
∂t
〈%(r, t)〉+ div〈j(r, t)〉 = 0. (12)
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We introduce the normalized auto-correlation function (ACF) of the total current
density
Kj0j0(t)
L/T =
1
〈j20〉
1
tavr
∫ tavr
0
(j0(t0 + t)
z/xj0(t0))
z/x dt0, (13)
where the ensemble average is replaced by the time average as noted above, and tavr
is the averaging time. In our MD simulations we calculate ACF for the interval of
0 ≤ t ≤ tmax, tmax ≈ 1 ps, and average it over 5 · 106 initial points t0 for Ni = 55 (the
total trajectory length is tavr = ttraj = 5 ns) and 1.4 · 103 initial points for Ni = 55
(ttraj = 9 ps, 4 trajectories are use for averaging).
Note that for k = 0, the longitudinal and transverse components L/T are different
because in performing the limit k→ 0, surface charges have to be taken into account (see
the calculations in [15]). Plain surfaces are assumed perpendicular to the z direction,
and the z component of the current density gives the longitudinal part.
The dimensionless Fourier transform of the current ACF
KL/T (ω) =
ωpl
4pi
∫
KL/T (t)eiωtdt, (14)
can be analyzed in terms of a generalized Drude formula which defines the dynamical
collision frequency according to the relation
ν(ω)
ωpl
=
1
KL(ω)
+ i
(
ω
ωpl
− ωpl
ω
)
, (15)
see Refs. [14, 15]. It should be underlined that we do not employ the standard Drude
formula with a constant relaxation time. Only the structure of Eq. (15) is motivated
by the Drude formula, but the dynamical collision frequency defined here has the full
information of the response function and, in this way, also of the dielectric function.
The frequency dependence implies that this is a complex function where the imaginary
part is connected with the real part by a Kramers-Kronig relation.
For the bulk nonideal plasma, good agreement between analytical calculations
using a Green-function approach to the dynamical collision frequency ν(ω) and MD
simulations has been shown for small up to moderate plasma coupling strengths [15]. It
should be mentioned that, in contrast to the analytical quantum statistical calculations
which are appropriate only for Γ ≤ 2, the MD simulations are applicable for an arbitrary
coupling strength, but consider quantum effects only within the pseudopotential
approach.
Coming back to finite clusters, the auto-correlation function (13) has been evaluated
for different model systems. As the particle interaction potential is a crucial input
parameter for MD simulations we considered different interaction models as listed in
Table 1, see Eqs. (1)–(3) for definitions.
Examples of the Fourier transform of the current ACF obtained from MD
simulations with different interaction models are shown in Fig. 3a. The results are
obtained using the RMD approach similar to Refs. [25–28]. Several peak structures are
seen, while a main peak is near the Mie frequency ω2Mie = ω
2
pl/3, as expected. It is seen
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Table 1. Interaction models between different sorts of particles used in MD simulations
of cluster nano-plasmas.
label ion-ion electron-ion electron-electron
Jellium — UJellium UCoul
Erf UCoul UErf −UErf
Coul UCoul UErf UCoul
that for the “Jellium” model the damping of the Mie oscillations is small as electron-ion
collisions are missing. For both “Erf” and “Coul” models the peak is broadened and
red-shifted with respect to the Mie frequency.
2 4 6 8 10 12
!; fs!1
101
102
103
104
105 KL(!) Erf
Jellium
Coul
(a)
109876543
Te=1 eV
Te=2.2 eV
w, fs-1
Ni=309, R=1.39 nm
Ni=1000, R= 2.07 nm
Ni=4000, R= 3.28 nm
Ni=10000, R=4.42 nm
Ni=20000, R=5.57 nm
wMie
KL
 (w
), 
ar
b.
 u
ni
t
(b)
Figure 3. Fourier transform of the total current ACF (14) for (a) a cluster with
Ni = 55 and electron temperature Te = 2.2 eV using different particle interaction
models, and (b) different cluster sizes and electron temperatures (x-axis: logarithmic
frequency scale). The electron density is equal to ne = 2.7 × 1022 cm−3 for all cases.
The Mie frequency, shown by the dashed lines, is equal to ωMie = 5.35 fs
−1.
The redshift is studied extensively in Refs. [27–29]. The ACF spectra obtained in
Ref. [29] contain additional peaks which could be due to peculiarities in the averaging
process or during numerical Fourier transformation used in this work. The results of [27]
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and [28] coincide for small clusters while in [28] the simulations have been performed
for a wider range of ion numbers (Ni = 55−105) extending the results towards the bulk
plasma limit.
In the course of preparing this paper, we revisited the results of [28] where it was
reported that for small clusters only the Mie (surface) mode is seen in the current
ACF while for large clusters the plasmon-like (volume) mode appears and becomes
increasingly predominant with cluster growth. We found that the appearance of the
plasmon-like mode resulted from the use of a fixed-size sphere for the ACF calculation,
so that for Ni > 2000 the cluster size is larger than this sphere. A similar effect was
reported in Ref. [36], where plasmon-like oscillations were obtained for a subcell inside
a periodical simulation cell. In the present work, we considered the complete cluster
volume when calculating the ACF (see Fig. 3b). We found that the Mie peak does not
change its amplitude significantly with cluster growth and no plasmon-like peak is seen
in the ACF at ωpl = 9.26 fs
−1.
The dependence of the Mie resonance frequency on the cluster size is shown in
Fig. 4. Our new results are close to those reported in [28]. As discussed in Refs. [27,28],
the redshift of the Mie resonance is a consequence of the electron density distribution
within the cluster. Instead of a hard-sphere distribution for which the Mie formula
applies, the radial distribution of the electron density declines to zero continuously and
is washed out at the cluster surface. With increasing cluster size, this surface effect
becomes less relevant, and the value of the Mie resonance approaches the value for the
one of a macroscopic homogeneous sphere.
However, further structures are seen in the total current ACF, shown in Fig. 3,
which can hardly be resolved. Therefore, a more detailed investigation of the electron
dynamics in the excited cluster is necessary to analyze these signals.
4.2. Electron excitations in cluster nano-plasmas
For bulk matter, a consistent description of collective excitations is given satisfactorily
using a plane wave with the wave vector k. In contrast to this homogeneous case,
excitations in finite systems have a more complex structure determined by the surface
boundary conditions. The Fourier transform of the total current ACF allows to reveal
resonances in nano-plasmas but does not show the nature of different excitations. For
this the spacial structure of the excitations should be analyzed.
We extract the current density j(r, t) from the MD simulation run and calculate
the Laplace transform Kˆjj(r, r
′, ω) of the time-averaged current density auto-correlation
function
Kˆjj(r, r
′, τ) = lim
Tavr→∞
1
Tavr
∫ Tavr
0
j(r, t)j(r′, t+ τ) dt, (16)
which coincides with the ensemble average according to the ergodic principle. This bi-
local current ACF Kˆjj is a tensor, but we consider only the jz − jz component. It is
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4
4,5
5
5,5
6
Te = 2.2 eV 
Te = 1.0 eV
w, fs-1
Ni
wMie
Figure 4. The Mie resonance frequencies depending on the number of ions in the
cluster, for different electron temperatures: ♦ - Te = 2.2 eV (this work),  - Te = 1.0 eV
Ref. [28].
symmetric and can be diagonalized by solving the eigenvalue problem
Ncells∑
a′=1
ReKjj(ra, ra′ , ω)Ψµ(ra′ , ω) = Kµ(ω)Ψµ(ra, ω) (17)
at fixed frequency ω. In simulations, we decompose the space into Ncells cells which
are denoted by a. In each cell the average current density is calculated. Spherical
coordinates are used.
The eigenvalues Kµ(ω) as function of the frequency ω are shown in Fig. 5. Sharp
resonances are obtained. The eigenvalues are ordered by the largest absolute value at
a frequency under consideration. Their frequency dependence leads to crossings where
a different mode becomes leading, see [27] for details. Modes which do not have a
large dipole moment do become visible in the mode spectrum allthough they can not be
clearly seen in Fig. 3 . The corresponding eigenmodes Ψµ(ra, ω) are given by the eigen
functions. An example for the mode analysis is shown in Fig. 6. Here it is seen that we
have surface modes such as the Mie mode, where the current density is nearly constant
in the entire volume, but at the surface the charge density is changing. Furthermore,
we have volume plasmons which are expected to be the precursor of the plasmon modes
in the homogeneous plasma.
The widths of the peaks seen in Fig. 5 correspond to the damping of the
corresponding excitation modes. Preliminary results for the damping rates for the
surface and volume plasmons were published in Ref. [28]. In order to distinguish
contributions from the collisional and Landau damping (see the results for thin films in
Ref. [37]) additional processing is required which has not been done yet. An example of
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such processing for a bulk plasma can be found in Ref. [13].
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Figure 5. Eight strongest eigenvalues of the bi-local current ACF (17), as a function
of frequency, using the jellium model for a Na309 cluster at T = 2.2 eV.
4. Spatially resolved electronic excitations
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Figure 6. Eigen modes of electronic excitations in nano-plasmas, see also [27], for a
Na309 cluster at T = 1.96 eV, n = 5.2×1021 cm−3. Amplitude (color code, in arbitrary
units) of the current ACF’s spacial structure in the z − x plane (in units of aB) at a
fixed azimuthal angle (on which it does not depend) for the main collective surface
mode (left) and the plasma-like mode (right).
5. Conclusions
New results of MD simulations for clusters of different size have been presented to
show the transition from small clusters to homogeneous systems. To obtain stationary
conditions for clusters at finite temperature, the charging has to be considered. Results
for the minimum charging are well described by a simple formula (4). It would be of
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interest whether linear relations similar to expression (4) are also valid for non-spherical
nano-plasmas.
Another interesting result is the cooling owing to the charging process because hot
electrons are emitted. The difference T0− Tfin is decreasing with increasing cluster size.
A relation for Tfin(T0, Ri) has been found which fits well with simulation data.
The collective excitations of nano-plasmas are of high interest because the coupling
to external fields is very efficient. We discussed the bi-local correlation functions and
identified the eigenmodes, the excitation energy as well as their spacial structure. The
deviation of the dipole excitation frequency from the Mie excitation energy is due to the
inhomogeneous electron density distribution inside the cluster, in contrast to the Mie
model where a constant density is assumed for the electrons inside the cluster.
Previously published results for the excitation spectra depending on the cluster
size [28] are corrected while the dependence of the Mie-like oscillation mode frequency
on the cluster size is confirmed. A detailed discussion of the collective excitations and the
corresponding spacial structure of the eigenmodes has been given in [27]. We note that
similar modes occur also in nuclei where, beside the giant dipole resonance, also further
excitation modes are known. Further properties such as the Thomas-Reiche-Kuhn sum
rule are of interest.
Calculation of the current bi-local ACF for a quasi equilibrium cluster nano-plasma
(see [25–30]) provides information about electron excitations that correspond to the
absorption resonances of irradiated clusters. Different bi-local correlation functions can
be investigated such as the density-density correlation function which is related to the
longitudinal current bi-local ACF, see [27, 38]. Rotations and vorticies are obtained
from the transversal part of the current density ACF. We found that in contrast to the
jellium model, the motion on the fluctuation field of point-like ions makes the Mie-like
resonance much broader. The damping of the collective excitations is an interesting
aspect for future work.
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